traordinary advances in respiratory physiology occurred between 1941 and 1956 in the Department of Physiology, University of Rochester. These were principally the result of a collaboration between Wallace Fenn, Hermann Rahn, and Arthur Otis. Remarkably, all three scientists had worked in very dissimilar areas of physiology before and, by their own admission, were largely ignorant of respiratory physiology. However, because of the exigencies of war they were brought together to study the physiology of pressure breathing. The result was that they laid much of the foundations of pulmonary gas exchange and pulmonary mechanics and some of their work is still cited today. In pulmonary gas exchange they exploited the new oxygen-carbon dioxide diagram; clarified the effects of changes of altitude, hyperventilation, and pressure breathing; and pioneered the analysis of ventilation-perfusion relationships. In respiratory mechanics, they carried out groundbreaking work on the pressure-volume behavior of the lung and chest wall and went on to analyze aspects of gas flow and work of breathing. This explosion of ideas from what initially appeared to be a poorly prepared group has lessons for us today. gas exchange; pulmonary mechanics; O 2-CO2 diagram; ventilationperfusion inequality; pulmonary gas flow; work of breathing ONE OF THE MOST PRODUCTIVE periods of modern respiratory physiology occurred during and shortly after World War II. The trio of Wallace Fenn, Hermann Rahn, and Arthur Otis ( Fig. 1 ) at the University of Rochester (Rochester, NY) beginning in about 1941 was responsible for some of the most important concepts of respiratory physiology in the last century and some of their work is still cited today. The story is particularly interesting because these three scientists, by their own account, initially knew very little about respiratory physiology and were brought together by the exigencies of World War II. However, despite their initial ignorance, they were responsible for laying much of the foundations of modern respiratory gas exchange and respiratory mechanics. Few members of the large group who were trained by this school are still active. This article is based mainly on archival material (3, 5, 13, 17, 22) but includes some personal experience. Some of the material, for example that in Ref. 16, is difficult to find; this short account should be helpful to students interested in the history of their discipline.
ONE OF THE MOST PRODUCTIVE periods of modern respiratory physiology occurred during and shortly after World War II. The trio of Wallace Fenn, Hermann Rahn, and Arthur Otis ( Fig. 1 ) at the University of Rochester (Rochester, NY) beginning in about 1941 was responsible for some of the most important concepts of respiratory physiology in the last century and some of their work is still cited today. The story is particularly interesting because these three scientists, by their own account, initially knew very little about respiratory physiology and were brought together by the exigencies of World War II. However, despite their initial ignorance, they were responsible for laying much of the foundations of modern respiratory gas exchange and respiratory mechanics. Few members of the large group who were trained by this school are still active. This article is based mainly on archival material (3, 5, 13, 17, 22) but includes some personal experience. Some of the material, for example that in Ref. 16 , is difficult to find; this short account should be helpful to students interested in the history of their discipline.
Unlikely Beginnings
Wallace Fenn (1893 Fenn ( -1971 was the leader of the group and he was some 20 years older than his two colleagues. His father was a Unitarian minister who became Professor of Theology at Harvard, and Wallace entered Harvard planning to prepare for the ministry (22) . However, his interests turned to physiology and he obtained his PhD at Harvard in plant physiology. He then spent a period in the laboratory of A. V. Hill in London, where a major interest was muscle energetics. There he described the "Fenn effect" which refers to the heat produced by muscle during contraction (2) . He is also well known for his work on potassium efflux from contracting muscle (4) . In addition his group showed for the first time that both oxygen poisoning and the biological effects of X-irradiation exert their damaging effects by the action of free radicals (9) . Fenn was a towering figure in American and international physiology being president of both the American Physiological Society and the International Union of Physiological Sciences, and a member of the National Academy of Sciences.
Hermann Rahn (1912 Rahn ( -1990 ) was born in Lansing, Michigan, and his early life was remarkably disruptive (17) . His father, Otto, was on the faculty of Michigan State University having emigrated from Germany to the US in 1907. In 1914 Otto and his wife took the 2-year-old Hermann to Germany to visit his grandparents, but World War I began while they were there. Otto was not allowed to return to the US despite the fact that he was in the process of becoming a US citizen but was drafted into the German army. After the war he was not invited to return to Michigan because of the anti-German sentiment at that time, and the family suffered severe deprivation. It was not until 1926 that the 14-year-old Hermann found himself in Ithaca, New York, where his father had obtained a faculty appointment at Cornell University. Hermann then had the task of learning English. Not surprisingly, he had strong links with Germany and at one stage it was uncertain whether he would return or decide to stay in the US. Fortunately he remained, and after graduating from Cornell he obtained his PhD at the University of Rochester where his work was on the placenta and corpus luteum of snakes (18) and the development of the pituitary gland in birds (10) . He then went to the University of Wyoming at Laramie to study the reproductive behavior of rattlesnakes (19) . In 1941 he stopped briefly in Rochester en route from Woods Hole to Laramie and called on Fenn, whom he admired. At the end of their conversation Rahn accepted a job as instructor of physiology in Rochester at the princely salary of $60 per month.
Arthur Otis (1913 Otis ( -2008 received his PhD from Brown University, where his dissertation was on the study of the effects of drugs and ions on the oyster heart. Subsequently he spent a postdoctoral year at Iowa working on the development of grasshopper eggs (1) . He then moved to Rochester in 1942 to work in Fenn's department. Later he spent a period at Johns Hopkins Medical School and finally he became chairman of the department of physiology at the new medical school at the University of Florida in Gainesville (12) .
So here we have a trio of scientists who are working on very different areas of cellular physiology in a variety of animals. Fenn has made important contributions to muscle contraction, Rahn is working on reproduction in rattlesnakes, and Otis is studying the activation of the enzyme tyrosinase in grasshopper eggs. None of them has had any serious exposure to respiratory physiology. On the face of it this seems an unlikely group to lay the foundations of both respiratory gas exchange and mechanics as they exist today. However, this is what happened as a result of the demands of the war.
The Initial Research Topic
Rahn relates that he started work in Fenn's department on September 1, 1941 on hormone assays, but on December 7 when the attack on Pearl Harbor occurred, Fenn decided that the research should be switched to problems related to the war effort (16) . Apparently Fenn had previously been apprised of the likely need of research on aviation physiology, and after the war began he was contracted by A. N. Richards of the Office of Scientific Research and Development (OSRD) to work on the physiological effects of pressure breathing. Fenn later wrote that he "timidly obtained" a grant of $500 (sic) from the OSRD and that this was the first research grant he had ever received in 17 years as chairman of the department of physiology (3). Fenn was always ambivalent about federal grant support and after mentioning the $500 stated "It must be admitted, however, that there are dangers in this easy money regime which must be recognized and guarded against."
The pace of work must have been exceptionally fast because on January 7, 1943 the first report appeared (5), and Fenn stated that it covered the first 6 mo of the work. The cover page of the report is shown in Fig. 2 and, as the table of contents indicates, a number of projects were reported on. The principal authors were Fenn, Rahn, and Otis, but several other investigators were included.
In retrospect it seems odd that pressure breathing should have been given such emphasis when there were so many other important physiological issues in aviation physiology. The reason was the belief at the time that if fighter aircraft could fly as high as 40,000 ft they would have a commanding advantage. Interestingly this belief was also shared by the air forces of the US, UK, and Canada. In fact most of the sorties in the war were carried out at altitudes of 20,000 to 25,000 ft although reconnaissance flights were made higher. Pressurization of aircraft cabins had begun in about 1939 with the first commercial example being the Boeing 307 Stratoliner, but essentially no fighter aircraft were pressurized during World War II.
The development of equipment for the new research project makes entertaining reading. Otis and Rahn described (16) how Fenn bought a steel tank designed for the transport of beer, borrowed a tree sprayer pump from the university grounds department, reversed its valves, and thus provided a highaltitude chamber that could decompress at the rate of 5,000 ft/min (Fig. 3) . Subjects entered the chamber by lowering themselves through a small circular hatch at the top. A Fleisch pneumotachograph was made from a cluster of soda straws inside a brass tube with the pressure difference between the two ends being measured with a sensitive membrane manometer. A later version replaced the soda straws with glass wool enclosed in a ladies' hair net. Fenn was endowed with Yankee ingenuity as well as parsimony and loved to improvise. A key piece of equipment for the studies of gas exchange was an end-tidal gas sampler using a condom (24) . The report itself (16) makes fascinating reading even today. One's first impression is that it is extraordinary how much was accomplished in 6 mo. The report begins by stating that it has been shown that positive-pressure breathing is a very effective way of gaining altitude in that for each 5 cmH 2 O increase in pressure, the tolerable altitude was increased by ϳ1,000 ft. The authors noted that there were a number of measurements of very brief periods of pressure breathing such as the Valsalva maneuver in the literature as well as studies on animals, but few if any on humans. In the report, studies were made at positive pressures as high as 40 cmH 2 O, and negative pressure breathing was also investigated down to Ϫ30 cmH 2 O. The periods of pressure breathing varied from 15 s to 2 h. The general conclusion was that pressure breathing of 20 -25 mmHg (27-33 cmH 2 O) was well tolerated by normal men.
One of the early figures in the report shows the variation in maximal inspiratory and expiratory pressure with changes in lung volume (Fig. 4) . This figure remains part of the classical teaching today and emphasizes how the research into a very practical problem such as pressure breathing throws light on general physiological principles. The report then goes on to calculate the work of breathing and they discuss both the elastic resistance of the lung and chest wall and the viscous losses. The oxygen cost of pressure breathing was also measured. Incidentally, it is sometimes stated that this group were unaware of previous studies of respiratory mechanics especially those reported in the German literature. To some extent this is true (see later) but the list of references on page 11 includes four in German, a language that Rahn was fluent in.
There is a short section on the effects of raising the inspired PCO 2 during pressure breathing that shows the expected increase in ventilation. One finding was that during positivepressure breathing the alveolar PCO 2 tends to increase, which the authors attribute to an increase in dead space. The effects of positive-pressure breathing on arterial blood pressure were studied and both systolic and diastolic pressure were shown to increase. It was also found that peripheral venous pressure rose with positive-pressure breathing, presumably because of obstruction to venous return. Because of the possibility that the increased venous pressure could cause movement of fluid out of the circulation as a result of disturbing the Starling equilibrium, the hemoglobin concentration was measured but shown not to be affected.
The effect of positive-pressure breathing on cardiac output was examined. The authors pointed out that there are numerous studies showing that in animals cardiac output is decreased with increased intrathoracic pressure presumably because of restricted venous return. However, cardiac output in humans proved to be difficult to study. Measurements were made using the uptake of acetylene during rebreathing and these appeared to show a reduction in cardiac output although the scatter of the results was high. Some measurements were also made with a homemade ballistocardiograph and these seem to show that pressure breathing caused a decrease in stroke volume but that this was compensated by an increase in heart rate. A few measurements of stroke volume were also made by using images of the heart obtained by chest X-ray. These showed a small reduction in stroke volume.
There is a remarkable sentence about Fenn on page 35 of the report that states "The large decrease [of stroke volume] found for W.O.F. seems very improbable although this subject has collapsed three times under pressure breathing and might have been near this when the film was taken." That rather ominous sentence fits with a short section in the account by Otis and Fig. 4 . Pressure-volume behavior of the lung. This is Fig. 4 in the report shown in Fig. 2 . From Ref. 5 . Rahn (16) . "In the early days of our altitude chamber operations, Wallace Fenn was always the first to volunteer when a new procedure was to be tried out, but when the dean of our school, Dr. George Whipple, one day came by at an opportune time to see Wallace passing out from a mask leak at high altitude, he immediately gave strict orders to us that Fenn should henceforth not be allowed to enter the chamber."
This initial report dealing with the first 6 mo of research emphasizes the flying start of the research group. Following this there was a very fertile period of some 15 years devoted mainly to pulmonary gas exchange and pulmonary mechanics although some other topics were investigated as well. Initially all the work was classified and could not appear in the open literature. The result was a series of classified technical reports, several of them titled "Studies in Respiratory Physiology" that were put out by the US Air Force, Dayton, Ohio (7, 21, 26) . It was through contracts with this organization that most of the work was done. The reports continued to appear after Rahn moved to Buffalo and eventually there were a total of seven (31). They make good reading even today.
In the summer of 1945 shortly after the end of World War II, the material was declassified, and the authors began to prepare articles for the open literature. The first public oral presentations were made at the FASEB Meeting in Atlantic City in the spring of 1946, and in that year the first publications occurred in the American Journal of Physiology and the Journal of Aviation Medicine (6, 14, 23) . At about this time it was felt that a new journal might be more appropriate than the American Journal of Physiology for these studies in applied physiology. This was one of the reasons why the American Physiological Society started the Journal of Applied Physiology in 1949. The Foreword to volume 1 of the Journal includes the sentence "In connection with the Journal, the term "applied" will broadly connote human physiology, with particular emphasis on man in relation to his environment." The early volumes of this journal contain much of the work of this group. However, not all of the 100 or so reports in the "Studies in Respiratory Physiology" series ended up in the open literature.
Pulmonary Gas Exchange
One of the most productive areas of the research was pulmonary gas exchange. It was not surprising that the investigators tackled this topic because changes in altitude exposure, pressure breathing, and hyperventilation clearly affected the composition of alveolar gas. This work was accelerated by the development of the end-tidal gas sampler referred to earlier (24) and later by the introduction of a rapid infrared analyzer for carbon dioxide by Fowler (8) .
According to Rahn, it was Fenn who introduced the oxygencarbon dioxide diagram with PO 2 on the horizontal axis and PCO 2 on the vertical axis (6). This diagram was a major breakthrough both for understanding the changes in alveolar gas that occur with altitude and ventilation, but also later for analysis of the effects of ventilation-perfusion ratio inequality. Figure 5 shows one of the early uses of the O 2 -CO 2 diagram with the lines for different respiratory exchange ratios at various altitudes, alveolar ventilation on the vertical axis, and what was called "average alveolar air." This last was measured using the end-tidal sampler in subjects who were acutely exposed to high altitude, and later Rahn and Otis (25) extended this to show the alveolar gas composition in acclimatized subjects at high altitude (Fig. 6 ). This classical diagram is still used today.
The O 2 -CO 2 diagram led to one of the most productive lines of research of this group, that is the difficult problem of analyzing ventilation-perfusion inequality. Depicting alveolar gas concentrations on the diagram under various conditions such as changes of altitude and ventilation including the effects of changing the respiratory exchange ratio was relatively simple. Once the exchange between gas and blood was added, the problem became much more complicated because of the nonlinear and interdependent O 2 and CO 2 dissociation curves. During the 15 or so years of the work of the Fenn, Rahn, and Otis group, it was appreciated that algebraic solutions to the problem were impossible and that the only way of tackling the problems was by graphical analysis.
One elegant example of this is shown in Fig. 7 , where a ventilation-perfusion ratio line is added to the O 2 -CO 2 diagram (20) . In this diagram the curved line shows calculated arterial PO 2 and PCO 2 values for a distribution of ventilation-perfusion ratios with a log standard deviation of 1.3, and the points ϩ1, ϩ2, etc. show the results for the stated standard deviations from the mean value. Analysis of ventilation-perfusion in- equality has progressed a long way since then, but Fig. 6 represents a sea change in thinking. Much of the work by Fenn and Rahn was brought together in a small monograph titled "A Graphical Analysis of the Respiratory Gas Exchange" (27) , and this was the bible for many of us in the late 1950s. In fact it persuaded me to apply to spend a year in Rahn's laboratory in 1961-1962.
Pulmonary Mechanics
The other area of respiratory physiology where the Fenn, Rahn, and Otis group made fundamental advances was pulmonary mechanics, particularly the pressure-volume behavior of the lung and chest wall. The major publication in this area was titled "The pressure-volume diagram of the thorax and lung" by Rahn, Otis, Chadwick, and Fenn (23) .
This paper was devoted to three main areas. The first was the maximum expiratory and inspiratory pressures at different lung volumes, and this expanded on the work already mentioned in Fig. 1 of their first report and shown here in Fig. 4 . The 1946 publication covers the same area but includes additional data. As indicated previously, Fig. 4 is part of the classical literature today.
The next major advance was a description of the relaxation pressure-volume curve for the total respiratory system, that is the lung together with the chest wall, and the individual relaxation curves for the chest wall and the lung separately. This is shown in Fig. 8 . It remains a classical diagram that in slightly different forms is part of the teaching to medical and graduate students in courses on respiratory physiology even today. Among other things, the diagram emphasizes that the relaxation pressure of the total system is zero at functional residual capacity (FRC) shown as Vr in Fig. 8 . As the volume of the system is increased the relaxation pressure increases, and the opposite occurs as the volume is decreased. In addition the relaxation pressure-volume curve of the lung shows a positive pressure of ϳ4 mmHg at FRC, and this is balanced by an equal and opposite outward expanding pressure developed by the chest wall. That 4 mmHg corresponds to ϳ5 cmH 2 O and this is the value that we use today. Note that the relaxation curve for the chest wall alone crosses the zero pressure line at ϳ70% of vital capacity. In other words below this volume the chest wall continues to develop a negative pressure, that is tends to expand, whereas above that volume a positive pressure is required to expand the chest wall. The authors noted that some of the values in this diagram were estimated from other published studies. Also they acknowledged that although they developed this diagram independently, they subsequently recognized that Rohrer had described a similar situation in one subject in 1915 (28) . Neergaard and Wirz (29) had also worked along similar lines.
Incidentally, few people are able to relax their respiratory muscles sufficiently to generate the data shown in Fig. 7 . However, Rahn became an expert in doing this. Rahn also acknowledges that Fenn was responsible for the idea of the relaxation pressure-volume curve (22) .
The third part of this important paper dealt with the various lung volume compartments such as vital capacity, FRC, and residual volume (RV) at different total lung volumes and postures of the subject. It was found that both total lung capacity and RV (here called residual air) changed little with posture but FRC was substantially higher in the sitting rather than the supine posture. The difference is caused by the weight of the abdominal contents pulling the diaphragm down in the sitting position and pushing the diaphragm headward in the supine position. The small difference in the supine volumes of the corrected curve is because additional measurements showed a small change in RV. Again, somewhat similar measurements had been made by Rohrer (28) , although the authors were not aware of this. Rohrer's data were obtained in only one subject whereas the Rochester group made measurements in 14 subjects for part of the study and 10 for other parts.
The paper described above concentrated on the pressurevolume behavior of the lung and chest wall. Today we call this statics. Another important paper was published in 1950 au- thored by Otis, Fenn, and Rahn (15) , and this was devoted to dynamics, that is the pressures and flows during breathing. The data included flow rates measured by a pneumotachograph and pressures measured by a sensitive manometer. The necessary instrumentation had been largely developed in the Rochester laboratory. An important advance was the ability to measure the sudden change in pressure in the airway when flow was briefly interrupted with a shutter. Many of the measurements were made in relaxed subjects that were ventilated by reducing the pressure around the upper part of the body by use of a tank respirator. This had been devised by Drinker and was called a Drinker respirator. Figure 9 shows the relationship between flow rate as measured at the mouth and the pressure difference between the alveoli and the mouth. Alveolar pressure was inferred from the airway pressure following a sudden short interruption of flow. The authors went on to consider many aspects of the pressureflow relationships although much of this discussion was theoretical and could not be based on actual data. For example, they calculated the amount of pressure that was required for what they called air viscance and air turbulence, where viscance referred to the pressure drop proportional to the flow rate and turbulence was the pressure drop proportional to the square of the flow rate. These are oversimplified concepts and would be later revised in the area of fluid dynamics. The authors also calculated the forces required for tissue deformation, although again a number of simplifications were necessary. They then went on to calculate the work of breathing including the elastic forces required to expand the lung and chest wall, the viscous forces (those proportional to flow rate), and the turbulent forces. The result was a calculated work rate against breathing frequency shown in Fig. 10 . The actual numbers here are not reliable but the concept of breaking down the work of breathing into elastic and flow-related elements was important. Otis went on to study the work of breathing in greater detail (11 This summary concentrates on work done in Rochester between 1941 and 1956. However, it should be emphasized that all three of the trio went on to make important contributions in other areas. For example, Fenn became fascinated by two new frontiers that were beginning to unfold: exploration of space and the ocean depths. He worked extensively on oxygen toxicity and also the effects of high inert gas pressures on the metabolism of unicellular organisms. Rahn also branched out into several new areas. One of these was diving, and he became particularly interested in the physiology of the Ama, the diving women of Korea and Japan. He also became fascinated by gas exchange in fishes and pointed out that they necessarily have a very low arterial PCO 2 . The reason is that the solubility of oxygen in water is so low that a very large amount of water flows over the gills and this removes most of the carbon dioxide from the blood. Finally, he made seminal contributions to the topic of gas exchange in avian eggs. Otis became interested in carbon monoxide poisoning and also made important contributions to the history of respiratory physiology, particularly mechanics of breathing.
The remarkable blossoming of ideas that occurred in Rochester between 1941 and 1956 constitutes a striking example of how three very intelligent scientists who were faced with a problem they had never seen before were able to make very special contributions to our knowledge within it. Many of us have benefited from this remarkable trio's contributions.
